We have previously demonstrated that the CCR7 ligands, CCL19 and CCL21, rapidly induce vigorous endocytosis in mature murine dendritic cells (DCs). The mechanisms underlying the enhanced endocytosis, however, have remained elusive. In the present study, we examined effects of CCL19 and CCL21 on the organization of the actin cytoskeleton in murine DCs. These chemokines considerably increased the intracellular level of fibrous actin and induced the formation of large petal-like ruffles of actin filaments in mature DCs. In addition, a robust network of interconnected ruffles of actin filaments was assembled at the periphery of the cells after stimulation with the chemokines. The actin-related protein (Arp) 2/3 complex has been implicated in the formation of fibrous actin structures. During cytoskeletal reorganization, Arp2/3 complexes co-localized with the interconnected ruffles at the cell periphery. Thus, the Arp2/3 complex seems to be involved in CCR7 ligand-induced actin reorganization in mature DCs. The time course of the CCL19-induced actin-reorganization corresponded to that of the endocytic activity. In the presence of cytochalasin D, an actin polymerization inhibitor, CCL19 failed to induce endocytosis and the interconnected ruffles did not form in mature DCs. Thus, CCR7-induced actin assembly may be part of the endocytic process in mature DCs.
INTRODUCTION
Chemokines are a family of low-molecular-weight proteins that typically contain four conserved cysteine residues. The two main types of chemokines, the CXC chemokines and the CC chemokines, differ in their structural properties and in their chromosomal locations 1 . These signaling molecules exert their effects via seven-transmembrane, G protein-coupled receptors that are present in the membrane of the target cell 1 . Chemokines play a prominent role in leukocyte trafficking. By regulating chemotaxis and cell adhesion, chemokines systemically organize the distribution of the various leukocytes to induce efficient immune responses against various pathogens 2, 3 . The chemokine receptor-mediated signal pathways involved in chemotaxis and cell adhesion, however, are not fully understood.
In most eukaryotic cells, dynamic assembly of cortical actin is essential for membrane protrusions, cell crawling, and intracellular vesicle trafficking. The actin-related protein (Arp) 2/3 complex has been implicated in the formation of fibrous (F)-actin structures including lamellipodia 4 , podosomes 5 , and phagocytic uptake structures 6 . Additionally, the Arp2/3 complex initiates the actin-based motility of intracellular parasites such as Listeria monocytogenes and Shigella flexneri 7, 8 . Recently, it has been reported that the Arp2/3 complex localizes to the interconnected ruffles of actin filaments in macrophages 9 . Although, it appears that the Arp2/3 complex is involved in the formation of the ruffles, no reports have thus far demonstrated chemokine-induced recruitment of the Arp2/3 complex or that the interconnected ruffles are formed via this complex.
Dendritic cells (DCs) are potent antigen-presenting cells that play a major role in the regulation of immune responses to a variety of antigens [10] [11] [12] . The developmental regulation of the expression of chemokine receptors by DCs facilitates the migration of these cells from the peripheral tissues to the Tcell area of regional lymph nodes 13, 14 . This process is critical for the efficient initiation of adaptive immunity, which is controlled by the interaction between DCs and T cells in the T-cell area. A high density of CCR7 is found on mature, but not immature, DCs. CCL19 (Epstein-Barr virus-induced receptor ligand chemokine) and CCL21 (secondary lymphoid tissue chemokine) are constitutively expressed at high levels in the T-cell areas of lymph nodes and the spleen 2, 15 , and induce mature DCs to migrate into these lymphoid tissues 13, 14 . Moreover, mature DCs fail to migrate into the T-cell area of the regional lymph nodes in CCR7-deficient mice 16 ; this behavior correlates with severely compromised adaptive immune responses. Thus, the interaction between CCR7 and CCL19/CCL21 is an essential process that controls the migration of mature DCs into the regional lymph nodes. Recently, we have demonstrated that, in addition to chemotaxis, CCR7 ligands also enhance dendritic extension and the endocytic activity of mature DCs 17, 18 . Thus, it seems that CCR7 regulates multiple signaling pathways in DCs. The precise mechanisms underlying the multiple functions of CCR7, however, are unclear.
In the present study, we examined the effects of CCR7 ligands on the organization of the actin cytoskeleton in murine DCs. These chemokines induced network formation by the interconnected ruffles of actin filaments in the cell cortices of mature DCs within a few minutes. Furthermore, it seems that this CCR7 ligand-induced network formation is involved in endocytosis in mature DCs.
MATERIALS AND METHODS

Reagents
Recombinant murine granulocyte-macrophage colonystimulating factor (GM-CSF) was purchased from PeproTech (London, UK 
Culture media
The culture medium used in the present study was IMDM supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, and 600 mg/ml L-glutamine. Fibroblast supernatants were collected from confluent NIH/3T3 cell cultures grown in IMDM containing 10% heat-inactivated fetal calf serum (10% FCS-IMDM).
DC culture
A DC line (BC1 cells) was generated from BALB/c mouse spleen using Winzler's method as previously described 19, 20 . BC1 cells were cultured and expanded in R1 medium (IMDM containing 10% FCS, 30% NIH/3T3 cultured supernatant, 10 ng/ml mouse recombinant GM-CSF, and 50 mM 2-mercaptoethanol). In the present study, BC1 cells treated with 5 mg/ml LPS for 24 h were used as mature DCs 18 . Spleen-derived DCs (SDDCs) were generated by culturing C57BL/6 splenocytes in R1 medium for 14 days as previously described 17, 18, 21 . SDDCs treated with 5 mg/ml LPS for 24 h were used as mature SDDCs.
Microscopy
Cells (1.5 × 10 5 ) suspended in 10% FCS-IMDM buffered with 20 mM HEPES were seeded on a polylysine-coated chamber slide (8 well glass slide ; Nalge Nunc International, Naperville, IL). The cells were preincubated for 20 to 30 min at 37℃ and then treated with chemokines. To evaluate the effects of cytochalasin D, the cells were preincubated with this inhibitor for 1 h in R1 medium buffered with 20 mM HEPES before they were treated with chemokines. All chemokines were added at 100 ng/ml. The treatments were stopped at the indicated time points by rapidly cooling the cells on ice. The cells were then fixed in 4% paraformaldehyde for 10 min on ice, and additionally for 30 min at room temperature. The cells were washed with washing buffer (phosphate-buffered saline (PBS) containing 1% FCS and 0.1% NaN3 ) and then permeabilized for 3 min at room temperature with saponin buffer (0.1% saponin in washing buffer). Intracellular F-actin and globular (G)-actin were stained with Alexa Fluor 546-conjugated phalloidin and Alexa Fluor 488-conjugated DNase I, respectively. The cells were washed with saponin buffer and the fluorescence intensity of the cells was analyzed using a confocal laser-scanning microscope (BX61-2CHAr-HeNeG-SP, FV500, Ver3.1, Olympus, Tokyo, Japan). In some experiments, we reconstructed the extended-focus view (Z stack image) from consecutive optical sections taken at 2-mm intervals through the full thickness of the cells 22, 23 .
To label the Arp2/3 complex, permeabilized cells fixed on glass slides were pretreated with blocking buffer (saponin buffer containing 1 mg/ml goat IgG and 5 mg/ml antiFc g III/II monoclonal Abs) and then incubated with anti-p34-Arc (an Arp2/3 complex subunit) Abs or anti-Arp3 Abs. The cells were washed and then incubated with Alexa Fluor 546-conjugated goat anti-rabbit IgG and Alexa Fluor 488-conjugated phalloidin. The cells were washed before the fluorescence intensity of the cells was analyzed by confocal laser-scanning microscopy. Control rabbit IgG did not label these cells. Detectable binding of the anti-p34-Arc Abs or the anti-Arp3 Abs was completely blocked by pretreatment with the respective immunogen peptide.
Flow cytometric analysis of F-actin labeled cells
Cells suspended in 10% FCS-IMDM buffered with 20 mM HEPES were placed into a polypropylene tube and incubated at 37℃ for 20 min with agitation. The cells were stimulated with CCL19 (100 ng/ml) for 1 min at 37℃ with agitation. The CCL19 treatments were stopped by rapidly cooling the cells on ice, which was immediately followed by the addition of a three-fold volume of PBS containing 4% formaldehyde. The cells were fixed in the paraformaldehyde solution for 10 min on ice, and additionally for 40 min at room temperature. These cells were permeabilized for 3 min at room temperature with saponin buffer. The cells were incubated with Alexa Fluor 488-conjugated phalloidin in saponin buffer for 20 min and then washed with saponin buffer. The fluorescence intensity of the cells was analyzed on an EPICS Ⓡ XL flow cytometer (Coulter Co., Miami, FL).
Endocytosis
Cells in R1 medium buffered with 20 mM HEPES were pretreated with cytochalasin D (1 mM) for 1 h. Thereafter, the experiments were conducted in the presence of this inhibitor as previously described 18 . After, the endocytic tracer and chemokine were added concurrently, the cells were subject to 0.5 to 15 min incubations. FITC-dextran was added to a final concentration of 1 mg/ml. CCL19 was added to a final concentration of 100 ng/ml. Endocytosis of the tracer was halted at the indicated time points by rapidly cooling the cells on ice. The cells were then washed with ice-cold washing buffer and stained with propidium iodide to exclude dead cells. The fluorescence intensity of the cells was analyzed on an EPICS Ⓡ XL flow cytometer. Cells that were incubated with the endocytic tracer on ice were used as a background control. The mean fluorescence intensity (MFI) resulting from the subtraction of a background control sample from each experimental sample gave a measure of the amount of incorporated tracer.
Statistical analyses
The Student's t-test was used to identify significant differences between data sets. Differences between the groups were considered to be significant when p<0.05.
RESULTS
CCR7 ligand-induced network formation by the interconnected ruffles of actin filaments in mature DCs
We previously established a murine DC line (BC1 cells) from BALB/c splenocytes 19, 20 . Unstimulated BC1 cells physiologically and functionally behave like immature DCs. Following treatment with LPS for 24 h, BC1 cells exhibit a mature DC phenotype 17, 18, 21, [24] [25] [26] [27] . Using a similar in vitro differentiation system, a number of important findings about DCs have been reported and verified [28] [29] [30] [31] .
In the present study, we examined the effects of CCR7 ligands on the organization of the actin cytoskeleton in BC1 cells. Phalloidin and DNase I specifically bind to F-actin (polymerized actin) and G-actin (actin monomers), respectively, and are commonly used to label the actin cytoskeleton. Immature and mature BC1 cells were treated with CCL19 or CCL21, and intracellular F-actin and G-actin were labeled. Neither CCL19 nor CCL21 significantly affected the actin cytoskeletal organization in immature BC1 cells (data not shown). In contrast, these chemokines induced a dramatic reorganization of the actin cytoskeleton in mature BC1 cells (Fig. 1) . In the absence of these chemokines, a large percentage of the F-actin in mature BC1 cells appeared flecked and a few short filaments were observed (Fig. 1A) . Both CCL19 and CCL21 considerably increased the intracellular level of Factin (red) and induced the assembly of large interconnected petal-like ruffles in mature BC1 cells (Fig. 1B and C) . We did not detect any significant differences in the effects of CCL19 and CCL21 on actin cytoskeletal organization. A robust network of interconnected ruffles was observed at the periphery of CCL19-treated mature BC1 cells (Fig. 1E and  G) . The most pronounce effects of the CCR7 ligands were observed at chemokine concentrations of 20 to 100 ng/ml (data not shown). CCL3, a ligand for CCR5, which is expressed on immature but not mature DCs 14 , did not induce any significant alterations in the actin cytoskeletal organization of either immature or mature BC1 cells (data not shown). A CCR7 ligand-induced actin network was also detected in mature SDDCs (Fig. 1H and I) .
To evaluate the total amount of F-actin and G-actin in mature BC1 cells, the intracellular cytoskeleton was labeled with Alexa Fluor 488-labeled phalloidin and the MFI was determined by flow cytometry (Fig. 2) . Treatment of mature BC1 cells with CCL19 for 1 min approximately doubled the level of intracellular F-actin (p<0.005). The labeling of Factin by Alexa Fluor 488-conjugated phalloidin was completely inhibited by pretreatment of the mature BC1 cells with a 100-fold amount of unlabeled phalloidin (data not shown).
We next examined the time course of the CCL19-induced reorganization of the actin cytoskeleton in mature BC1 cells. Reorganization of the actin cytoskeleton was de-CCR7-mediated interconnected ruffles tected in mature BC1 cells 30 sec after the onset of CCL19 treatment (Fig. 3) . The formation of interconnected ruffles reached a peak after 1 to 2 min before dissipating after 5 to 15 min. CCL21 produced a similar time course of actin cytoskeletal reorganization (data not shown). 
CCL19-induced recruitment of the Arp2/3 complex in mature DCs
The Arp2/3 complex is a multifunctional actin organizer. To examine the involvement of the Arp2/3 complex in the CCL19-induced network formation of interconnected ruffles, we analyzed the intracellular distribution of the Arp2/3 complex after chemokine treatment of mature BC1 cells using a confocal microscope. After, mature BC1 cells were treated with CCL19 for 1 min, the intracellular Arp2/3 complex and F-actin were labeled with anti-p34-Arc Abs and Alexa Fluor 488-conjugated phalloidin, respectively. Arp2/3 complexes were uniformly distributed in mature BC1 cells that were treated with medium alone (Fig. 4A and F) . In CCL19-treated cells, the Arp2/3 complex was concentrated around the cell cortex (Fig. 4B and G) . These Arp2/3 complexes colocalized with the interconnected ruffles of actin filaments in CCL19-treated mature BC1 cells (Fig. 4D, E, G, and H) . Pretreatment with the immunogen peptide completely abolished the anti-p34-Arc Ab labeling of the Arp2/3 complexes (data not shown). Similar results were obtained using antiArp 3 Abs (data not shown).
The effect of cytochalasin D on CCL19-induced formation of the actin network and endocytosis in mature DCs
Cytochalasin D is an actin polymerization inhibitor, which acts by capping the barbed (plus) end of actin filaments [32] [33] [34] . We examined the effects of cytochalasin D on the CCL19-induced reorganization of the actin cytoskeleton in mature BC1 cells. As described previously, CCL19 induced interconnected ruffles of actin filaments in mature BC1 cells ( Fig. 5B and E) . Cytochalasin D completely blocked the CCL19-induced reorganization of the actin cytoskeleton ( Fig.  5C and F) .
We next examined whether or not the inhibition of actin assembly by cytochalasin D influenced endocytosis in mature BC1 cells treated with CCL19. CCL19 dramatically increased FITC-dextran uptake by mature BC1 cells within a few minutes (Fig. 5G) . The MFI level of the FITC-labeled cells reached a peak 2 to 5 min after treatment before decreasing 15 min after the cytokines were applied. Cytochalasin D completely blocked CCL19-induced endocytosis (Fig. 5G) . Similar results were obtained with mature SDDCs (data not shown).
DISCUSSION
Recently, we have demonstrated that CCR7 ligands induce receptor-mediated endocytosis in mature DCs within a few minutes 18 . These findings contrast with the time course of CCR7 ligand-induced chemotaxis. CCR7 ligands induce the migration of mature DCs after incubations of 30 minutes or more 17 . Although endocytosis and chemotaxis may naturally follow different time courses, it appears as if CCR7 ligands have a complex role in the function of mature DCs during a pathogen infection. Pathogens and inflammatory cytokines cause immature DCs at the site of infection to mature and express CCR7. These mature DCs in turn receive signals via CCR7 and capture foreign antigens in the infected site. Thereafter, CCR7-mediated signaling gradually induces the migration of mature DCs to lymphatics and the T-cell areas of draining lymph nodes. In this way, mature DCs efficiently present pathogen antigens that have been captured at the site of the infection to T cells in the T-cell area.
In the present study, we have shown that mature DCs, when stimulated through CCR7 by CCL19 or CCL21, assembled actin filaments in large petal-like ruffles. In addition, a robust network of interconnected ruffles formed at the cell periphery in the chemokine-treated mature DCs. During the cytoskeletal reorganization, Arp2/3 complexes co-localized with the interconnected ruffles. Thus, it seems that CCR7 ligands induce the formation of the ruffle network via recruitment of the Arp2/3 complex.
Thus far, the relationship between the formation of the ruffle network and other CCR7-mediated events remains unclear. Stimulation of mature DCs via CCR7 induced vigorous endocytosis within a few minutes, whereas dendritic extension and chemotaxis have been observed 30 min or more after stimulation 17 . Thus, the time course of the actin filament organization is different than those of chemotaxis and dendritic extension, but appears to correspond to that of the endocytosis induced by the CCR7 ligands. In the presence of cytochalasin D, CCL19 induced neither the endocytosis nor the actin network formation in mature DCs. In addition, it has been suggested that ruffle formation is involved in macropinocytosis, a form of endocytosis, in macrophages and immature DCs 35, 36 . These observations suggest that, in mature DCs, the CCR7-mediated network formation by interconnected ruffles is associated with endocytosis but not chemotaxis or dendritic extension. This network formation may be used as a scaffold for the concurrent endocytosis.
It has been demonstrated that the Arp2/3 complex in macrophages is involved in phagocytosis mediated via Fc g R or complement receptor 3 6 . The co-localization of the interconnected ruffles with the Arp2/3 complex, however, has not been detected in the cell cortices of these macrophages during the phagocytosis. The role of the Arp2/3 complex in DC endocytosis has remained unclear. Moreover, no reports have demonstrated that chemokines induce the recruitment of the Arp2/3 complex. In the present study, we induced recruitment of the Arp2/3 complex in mature DCs following stimulation via CCR7. We therefore postulate that the recruitment of the Arp2/3 complex and the formation of large-scale actin networks play a role in CCR7 ligand-induced endocyto- CCL3, a ligand for CCR5, is expressed by immature but not mature DCs 14 . CCL3 induced no significant alterations of the actin cytoskeleton in immature DCs (data not shown). Although CCL3 enhanced endocytic activity in immature DCs, the enhancement was much smaller than that seen in CCR7 ligand-treated mature DCs 18 . Thus, the poor ability of CCL3 to enhance the endocytic activity of immature DCs may be related to the absence of actin network formation in the CCL3-treated DCs.
The mammalian Wiskott-Aldrich syndrome protein (WASp) family consists of WASp, N-WASp, and WAVE-1, -2, and -3. WASp is expressed only in hematopoietic cells 33 , such as monocytes, lymphocytes, and platelets, whereas NWASp is widely expressed. WASp and N-WASp are downstream effectors of the small GTPases including Cdc42 and Rac [37] [38] [39] [40] [41] [42] , and are thought to activate Arp2/3 complexmediated actin nucleation. It has been reported that coinjection of the C-terminal acidic region of WASp family proteins and a constitutively active mutant of Rac into macrophages results in the formation of interconnected actin-rich ruffles, which co-localize with Arp2/3 complexes 9 . On the other hand, we have recently demonstrated that CCL19 rapidly activates Cdc42 and Rac in mature DCs 18 . Thus, WASp activation via Cdc42 or Rac enhanced Arp2/3 complexmediated actin nucleation in CCL19-treated mature DCs. We, however, were unable to detect a CCL19-induced interaction between WASp and the Arp2/3 complex in mature DCs (data not shown). We are currently examining the involvement of other WASp family proteins in the activation of Arp2/3 complex-mediated actin nucleation. On the other hand, no reports, thus far, have shown a CCR7-mediated interaction between the Arp2/3 complex and a WASp family protein.
Endocytosis of microorganic antigens by DCs is an essential step in antigen presentation to T cells. We showed that CCR7-mediated actin assembly was associated with rapid enhancement of endocytosis in mature DCs. Recently, it has been demonstrated that DCs actively rearrange their actin cytoskeleton in the face that contacts T cells during the formation of an immunological synapse 43, 44 . This DC cytoskeletal polarization appears to be critical for efficient antigen presentation to T cells. Because CCR7 ligands are abundantly expressed in the T-cell areas of lymph nodes and the spleen 2, 15 , our present findings suggest that CCR7-mediated signaling may be involved in the formation of immunological synapses during antigen presentation. Thus, the elucidation of the complex pathways that control actin cytoskeletal reorganization in DCs may lead to the development of new treatments for various infectious diseases and immune disorders.
